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General CPT-even dimension-five nonminimal couplings between fermions and
photons yielding EDM and MDM
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In this letter, we examine a new class of CPT-even nonminimal interactions, between fermions
and photons, deprived of higher order derivatives, that yields electric dipole moment (EDM) and
magnetic dipole moment (MDM) in the context of the Dirac equation. The couplings are dimension-
five CPT-even and Lorentz-violating nonminimal structures, composed of a rank-2 tensor, Tµν , the
electromagnetic tensor, and gamma matrices, being addressed in its axial and non-axial Hermitian
versions, and also comprising general possibilities. We then use the electron’s anomalous magnetic
dipole moment and electron electric dipole moment measurements to reach upper bounds of 1 part
in 1020 and 1025 (eV )−1.
PACS numbers: 11.30.Cp, 11.30.Er, 13.40.Em
I. INTRODUCTION
The Standard Model (SM) structure allows for C, P
and T violations (and combinations) as long as the CPT
symmetry is kept unharmed. Concerning these symme-
tries, it is fundamental to test their validity in any possi-
ble way. Among the most important tests is the search for
the electric dipole moment (EDM). Its interaction term,
in a nonrelativistic formulation, has the form d(σ · E),
in which E is the electric field, σ, the spin operator and
d, the modulus of the electric dipole moment (EDM).
This interaction violates both P and T symmetries,
P (σ·E)→ −(σ·E), T (σ·E)→ −(σ·E), but preservesC,
so the CPT symmetry is not lost. The EDM magnitude
d, according to the SM [1, 2], is ≈ 10−38 e ·cm, while the
experimental measurements have been improved [3],[4],
reaching the level ≈ 10−31 e · cm very recently [5]. The
gap between the experimental landmark and the theo-
retical prediction by a factor 107 may look discouraging,
but it also means that any detection above the SM pre-
diction could indicate New Physics, that is, more sources
of CP violation. All this could play an interesting role
in explaining the matter-antimatter asymmetry, as the
connection of axions and the strong CP problem [6]. By
another route, EDM experimental data can be used to
set stringent bounds on theories that predict this kind of
effect.
The SM electrodynamics can be provided with EDM
by introducing the term id(ψ¯σµνγ5F
µνψ) [7, 8, 16],
where ψ represents a Dirac spinor. However, there
are other mechanisms for introducing EDMs on the
SM framework. One of these is to consider back-
ground fields, which interact with the spinor and elec-
tromagnetic fields via nonminimal couplings. These
background fields induce preferred directions in space-
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time, violating the Lorentz symmetry but not necessar-
ily harming CPT ; a few scenarios involving breaking
of Lorentz or CPT symmetries are discussed in Refs.
[9, 10]. In Ref. [11], the possible generation of EDM
by several Lorentz-violating (LV) dimension-5 inter-
action terms (cν ψ¯γµFµνψ, d
ν ψ¯γµγ5Fµνψ, f
νψ¯γµF˜µνψ,
gνψ¯γµγ5F˜µνψ) was pondered and used as a key factor
for constraining their respective magnitudes.
These CPT -odd terms were also studied in Ref. [12],
regarding their contribution to the anomalous magnetic
moment (MDM). In this work, it was performed an anal-
ysis involving the splitting of the g factors of a fermion
and an antifermion, and bounds were set. As a matter
of fact, investigations concerning the muon’s anomalous
MDM have shown that its experimental value already
deviates from the QED prediction [13–15]. Since muon-
related experiments are about 400 times more sensitive
to New Physics behavior (and probe mass scales around
20 times higher), these searches motivate the proposal of
alternative theories [16], including the ones that allow for
Lorentz and CPT violations. In this context, there are
investigations about LV effects on the muon MDM [17]
and on the neutron EDM [18]. CPT -even and LV one-
loop contributions to lepton EDM, induced by the SME
fermion term, dµν ψ¯γ5γ
µψ, were carried out in Ref. [19].
CPT-odd LV effects on lepton EDM were addressed in
Ref. [20].
The investigation of Lorentz symmetry violation is
indeed a rich line of research, much developed in the
framework of the Standard Model extension (SME) [21–
26], whose developments have scrutinized the Lorentz-
violating effects in distinct physical systems and served
to state tight upper bounds on the LV coefficients, in-
cluding photon-fermion interactions [27] and electroweak
processes [28],[29]. Beyond the minimal SME, there is
its nonminimal extension encompassing nonminimal cou-
plings with higher-order derivatives [30]. Other models
comprising higher-dimension operators [31] and higher
derivatives [32] have also been taken forward.
It is worth to mention that the CPT -odd term
2gνψ¯γµγ5F˜µνψ was first proposed in Ref. [33] by means
of the nonminimal derivative, Dµ = ∂µ + ieAµ +
iλ2 ǫµλαβg
λFαβ , defined in the context of the Dirac equa-
tion, (iγµDµ−m)Ψ = 0, where g
µ can be identified with
the Carroll-Field-Jackiw four-vector, (kAF )
µ = (v0,v),
and λ is the coupling constant. This coupling has been
studied in numerous aspects [34–36], including the radia-
tive generation of CPT -odd LV terms [37]. See also Ref.
[38] and the references therein.
We have recently investigated a dimension-five CPT -
even nonminimal coupling [39], and its axial version [40],
in the context of the Dirac equation, implemented by
means of the extended covariant derivatives,
Dµ = ∂µ + ieAµ +
λ
2
(KF )µναβγ
νFαβ , (1)
Dµ = ∂µ + ieAµ + i
λA
2
(KF )µναβγ5γ
νFαβ , (2)
where (KF )µναβ is the CPT -even tensor of the SME elec-
trodynamics. They are associated with the CPT-even
dimension-five couplings deprived of higher derivatives,
λΨ(KF )µναβσ
µνFαβΨ,
(3)
λAΨ(KF )µναβγ5σ
µνFαβΨ,
which are not contained in the broader nonminimal ex-
tension of the SME developed in Refs. [30].
In the Dirac equation, these couplings provide a nonrel-
ativistic Hamiltonian endowed with contributions to the
EDM and to the MDM, which rendered upper bounds on
the LV parameters at the level of 1 part in 1020 (eV)−1
and 1 part in 1024 (eV)−1, respectively. Related studies
arguing the generation of topological phases have been
reported as well [41].
In this letter, we propose some general dimension-five
CPT -even nonminimal couplings, composed of a rank-
2 LV tensor, Tµν , in the context of the Dirac equation,
and also not contained in the nonminimal SME extension
proposed in Ref. [30]. Initially, the following extensions
in the covariant derivative are conceived,
Dµ = ∂µ + ieAµ + iλ1TµνF
νβΓβ, (4)
Dµ = ∂µ + ieAµ + iλ1TµνFαβγ
νΓαβ , (5)
where Γβ = γβ, γβγ5 stand for the axial and non axial
forms, and Γαβ = σαβ . These terms engender contribu-
tions to the Dirac Lagrangian, which are reorganized in
such a way to be Hermitian. Table 1 contains four types
of possible extensions, followed by their respective Her-
mitian versions.
After presenting each case and accessing the nonrela-
tivistic regime of the resulting Hermitian Dirac equation,
we use the electron’s MDM and EDM data to impose
limits on the magnitude of the nonminimal LV terms at
the level of until 1 part in 1025 (eV)−1 or 1 part in 1016
(GeV)−1.
Coupling Hermitian EDM MDM
λ1Ψ¯TµνF
νβγµγβγ
5Ψ no − −
iλ1Ψ¯TµνF
ν
βσ
µβγ5Ψ yes yes ”yes”
λ′1Ψ¯TµνF
ν
βγ
µγβΨ no − −
iλ′1Ψ¯TµνF
ν
βσ
µβΨ yes ”yes” yes
λ3Ψ¯TανFµβγ
µγβγαγνΨ no − −
λ3Ψ¯ (TανFµβ + TµβFαν)σ
µβσανΨ yes no no
λ4Ψ¯ (TανFµβ − TµβFαν)σ
µβσανΨ yes ”yes” ”yes”
TABLE I: EDM and MDM contributions arisen from possible
LV extensions and their respective Hermitian versions. Here,
”yes” means the conditional possibility of measuring EDM or
MDM in a non conventional set up.
II. AN AXIAL AND NON AXIAL CPT-EVEN
LV NONMINIMAL COUPLING IN THE DIRAC
EQUATION
In the context of the Dirac equation, we examine gen-
eral CPT-even nonminimal couplings not composed of
higher derivative orders, representing scenarios where
an unusual electromagnetic interaction between fermions
and photons is induced by a fixed rank-2 tensor, without
any symmetry (in principle).
A. The axial nonminimal coupling
The starting point is the proposal of a general CPT -
even nonminimal term in the form of an extension in the
covariant derivative,
Dµ = ∂µ + ieAµ + iλ1TµνF
νβγ5γβ, (6)
with Tµν being a rank-2 arbitrary, dimensionless,
LV tensor, in principle without any symmetry. It
generates a dimension-five operator, coupling the
fields in this modified quantum electrodynamics, i.e.,
λ1ΨTµνF
νβγµγ5γβΨ. The coupling constant λ1 is a real
parameter with mass-dimension equals to −1. In order
to yield a Hermitian contribution, one should consider
the new nonminimal covariant derivative as
Dµ = ∂µ + ieAµ −
i
2
λ1
(
TµνF
νβ − TβνF
ν
µ
)
γβγ
5. (7)
Accordingly, the modified Dirac equation reads,[
iγµ∂µ − eγ
µAµ − iλ1TµνF
ν
βσ
µβγ5 −m
]
Ψ = 0, (8)
with iλ1ΨTµνF
ν
βσ
µβγ5Ψ representing the corresponding
LV interaction between spinors and the electromagnetic
field.
Here, F0j = E
j , Fmn = ǫmnpBp, while σ
0j = iαj , σij =
ǫijkΣ
k, with the Dirac matrices given as
αi =
(
0 σi
σi 0
)
, Σk =
(
σk 0
0 σk
)
, γ5 =
(
0 1
1 0
)
,
3in which σi stands for the Pauli matrices. In the mo-
mentum coordinates, i∂µ → pµ, the corresponding Dirac
equation can be written as
i∂tΨ =
[
α · pi + eA0 +mγ
0 +HLV
]
Ψ, (9)
where pi = (p− eA) is the canonical momentum and
HLV = iλ1TµνF
ν
βγ
0σµβγ5, (10)
is the LV piece, which, inserted in the Dirac equation (9),
implies
i∂tΨ =
[
α · pi + eA0 +mγ
0
− λ1T00E
jγ0Σj + λ1TijE
iγ0Σj
− λ1ǫijkT0iB
kγ0Σj + iλ1ǫjkiTj0E
kγi
+ iλ1TB
kγk − iλ1TjkB
jγk)
]
Ψ, (11)
where T = Tr(Tij). The presence of the matrix, γ
0, in
the terms T00γ
0EiΣi, Tijγ
0EjΣi, indicates effective in-
duction of EDM by electromagnetic interaction, once it
will contribute to the energy of the system, circumvent-
ing the Schiff’s theorem (see Refs. [16],[40]). As a conse-
quence, one can use the electron EDM data to constrain
the magnitude of the coefficients T00, Tij .
In order to investigate the role played by this non-
minimal coupling, we should evaluate the nonrelativistic
limit of the Dirac equation. We begin by writing the LV
Hamiltonian of Eq. (9) in a matrix form,
HLV =
(
H11 −H12
H12 −H11
)
, (12)
with
H11 = λ1(−T00 (σ ·E)− T0i(σ ×B)
i + TijE
jσi), (13)
H12 = iλ1(−ǫijkTi0σ
kEj − Tii (σ ·B) + Tijσ
jBi). (14)
Labeling the small (χ) and large (ψ) components of
the spinor Ψ, the Dirac equation (9) provides two 2-
component equations,
[E − eA0 −m−H11]ψ − [σ · pi −H12]χ = 0, (15)
[σ · pi +H12]ψ − [E − eA0 +m+H11]χ = 0. (16)
After some algebraic evaluations, at first order in the
Lorentz violating parameters, the nonrelativistic Hamil-
tonian (for uniform fields) is
HNR =
1
2m
[
pi2 − eσ ·B
]
+ eA0
− λ1
(
T00σ ·E + T0i(σ ×B)
i − TijE
jσi
)
+
1
2m
[(σ · pi)H12 −H12(σ · pi)] . (17)
Examining this Hamiltonian, we notice that it is able
to generate electric dipole moment for the electron at
tree level, by the terms λ1T00 (σ ·E) , λ1TijE
jσi, but
no anomalous magnetic moment. The EDM terms could
also be seen as generator of a kind of electric Zeeman
effect.
It is interesting to mention that only the symmetric
part of the tensor Tµν is able to induce EDM, once the
antisymmetric part has null main diagonal, avoiding the
appearance of a term containing (σ ·E) in HNR.
We also discuss the behavior of the modified Dirac
equation (8) and (9) under the discrete symmetries
C,P, T . Table I displays the response of the elements
λT00, λT0i, λTij , λTii under the C,P, T operators. We can
also observe that λT00, λTij are P -odd and T -odd, com-
patible with the EDM character.
The Hamiltonian (17) contains LV EDM terms,
λT00 (σ ·E) , λTijE
jσi, on which one can set stringent
upper bounds using experimental data. We begin with
λ1T00 (σ ·E) , (18)
where we notice that λT00 plays the role of the electron
EDM magnitude, |de| . The magnitude of de has been
constrained with increasing precision [3, 4, 7], recently
reaching the level |de| ≤ 8.7× 10
−31 e.m or |de| ≤ 3.8×
10−25(eV)−1 [5]. Considering this experimental measure,
we attain the following upper bound:
|λ1T00| ≤ 3.8× 10
−16(GeV)−1. (19)
As for the term, λ1TijE
jσi, it can be written as
λ(T/3) (σ · E) , where T = Tr(Tij). Similarly, we state
on the trace:
|λ1T | ≤ 1.1× 10
−15(GeV)−1, (20)
or for a specific component λ1Tii,
|λ1Tii| ≤ 3.8× 10
−16(GeV)−1. (21)
These upper limits are among the best ones to be stated
over dimension five CPT-even LV nonminimal coefficients
(not involving higher derivatives). Considering a situa-
tion in which there is impossibility of identifying the LV
effects stemming from T00 and Tii, the EDM interaction
is taken as
λ1
(
T00σ ·E − TijE
jσi
)
= λ1 (T00 − Tii) (σ ·E) , (22)
reflecting the case when the diagonal elements Tii are
equal. It yields the following upper bound:
λ1 |T00 − Tii| ≤ 3.8× 10
−16(GeV)−1. (23)
For a specific value of i, it holds (trTµν) = (T00 − T ) =
(T00− 3Tii) and (trTµν) = (T00−Tii)− 2Tii. Considering
that the blocks 2Tii and (T00− Tii) are limited as stated
in Eqs. (21, 23), the trace element can be restrained as
|λ1 (trTµν)| ≤ 7.6× 10
−16(GeV)−1. (24)
We still comment on a nonconventional interpretation
that allows to constrain the component λ1T0i(σ ×B)
i =
4λ1(ǫijkT0iσ
j)Bk of Hamiltonian (17), which can be read
as λ1σ˜ · B = λ1σ˜
kBk, where σ˜k = ǫijkT0iσ
j is a kind
of ”rotated” spin operator yielding a ”rotated” mag-
netic moment generated by the Lorentz violating back-
ground.This term can only be constrained with MDM
data if one conceives a non conventional experimental
set up able to measure a non null spin expectation value,
〈Si〉 , in a direction orthogonal to the applied magnetic
field (B). In this specific context, the same procedure
developed in Eqs. (39) and (40) could imply the upper
bound
|λ1T0i| ≤ 5.5× 10
−11 (GeV)−1. (25)
Moreover, the bounds (21) and (25) are subject to side-
real variations, since the LV background field is approxi-
mately constant only on the Sun’s reference frame (RF).
It is necessary, therefore, to bring these bounds to the
Earth-located Lab’s RF, at the colatitude χ, rotating
around the Earth’s axis with angular velocity Ω. For
experiments up to a few weeks long, the transformation
law for a rank-2 tensor, Aµν , according to Refs. [40, 44]
is merely a spatial rotation,
A(Lab)µν = RµαRνβA
(Sun)
αβ , (26)
where
Rµν =


1 0 0 0
0 cosχ cosΩt cosχ sinΩt − sinχ
0 − sinΩt cosΩt 0
0 sinχ cosΩt sinχ sinΩt cosχ

 , (27)
in which the first line and column were included. The T00
(as its time average) does not change, just as the spatial
trace, T (Lab) = Tr(Tij)
(Lab). However, any specific main
diagonal component Tii (for a particular i value) in (21)
is modified, having time average given as
〈T
(Lab)
ii 〉 = 〈(Ri1)
2〉T
(Sun)
11 + 〈(Ri2)
2〉T
(Sun)
22
+ 〈(Ri3)
2〉T
(Sun)
33 , (28)
because 〈Ri1Ri2〉 = 〈Ri1Ri3〉 = 〈Ri2Ri3〉 = 0, for any i,
due to their dependence on sinΩt and cosΩt. As for
the bound (25), it transforms as a regular vector, and its
time average becomes
〈T
(Lab)
0i 〉 = (−δi1 sinχ+ δi3 cosχ)T
(Sun)
03 , (29)
since 〈Ri1〉 = 〈Ri2〉 = 0. Hence, the bounds (20), (21)
and (25) on the Lab’s RF are, respectively,
|λ1〈T
(Sun)〉| ≤ 1.1× 10−15(GeV)−1, (30)
|λ1〈(Ri1)
2〉T
(Sun)
11 + λ1〈(Ri2)
2〉T
(Sun)
22
+ λ1〈(Ri3)
2〉T
(Sun)
33 | ≤ 3.8× 10
−16(GeV)−1, (31)
∣∣∣λ1(−δi1 sinχ+ δi3 cosχ)T (Sun)03 ∣∣∣ ≤ 5.5×10−11 (GeV)−1.
(32)
B. Non axial nonminimal coupling
Other possibility of coupling the fermion and electro-
magnetic fields by means of a CPT-even nonminimal cou-
pling involving a rank-2 tensor to be mentioned is the
Hermitian and non axial version of the coupling (7), that
is,
Dµ = ∂µ + ieAµ +
λ′1
2
(
TµνF
ν
β − TβνF
ν
µ
)
γβ, (33)
leading to the following Dirac equation,[
iγµ∂µ − eγ
µAµ + λ1TµνF
ν
βσ
µβ −m
]
Ψ = 0. (34)
The corresponding LV Hamiltonian, H ′LV =
−λ′1TµνF
ν
βγ
0σµβ , can be expressed as
H ′LV = −iλ
′
1T00E
iγi − iλ′1T0iǫijbB
bγj − λ′1Ti0ǫijaE
jγ0Σa
+ iλ′1TijE
jγi − λ′1TiiB
aγ0Σa + λ′1TiaB
iγ0Σa,
(35)
or in the matrix form (12), with components:
H ′11 = −λ
′
1(Ti0E
jǫijkσ
k + Tiiσ
pBp − TijB
iσj), (36)
H ′12 = iλ
′
1(T00E
iσi − TijE
jσi + T0iǫijkσ
jBk). (37)
The nonrelativistic Hamiltonian is
HNR =
1
2m
[
(p− eA)2 − eσ ·B
]
+ eA0
+ λ′1Ti0 (σ ×E)
i
− λ′1Tii (σ ·B) + λ
′
1Tijσ
jBi
+
1
2m
[(σ · pi)H ′12 −H
′
12 (σ · pi)]. (38)
Clearly, the terms Tii (σ ·B) and Tijσ
jBi are MDM
contributions, associated only with the symmetric part
of the tensor Tµν , whose magnitude can be limited by
the known experimental error in the MDM.
The electron’s magnetic moment is µ = −gµBS, with
µB = e/2m being the Bohr magneton and g = 2(1 + a)
being the gyromagnetic factor, with a = α/2π ≃ 0.00116
representing the deviation from the usual case, g = 2.
The magnetic interaction is H ′ = −µBg (S ·B). The
most precise calculation up to date of a is found in Ref.
[42]. Experimentally, precise measurements [43] reveal
that the error on the electron MDM is at the level of 2.8
parts in 1013, that is, ∆a ≤ 2.8×10−13. Hamiltonian (38)
possesses tree-level LV contributions to the usual g = 2
gyromagnetic factor, that is
λ′1Tii (σ ·B)− λ
′
1
Tii
3
(σ ·B) =
2
3
λ′1Tii (σ ·B) , (39)
which can not be larger than ∆a. The total magnetic
interaction in Eq. (38) is µB (σ ·B)+
2
3λ
′
1Tii (σ ·B), so
that this interaction assumes the form
µB
[
1 +
2
3
2m
e
λ′1Tii
]
(σ ·B) , (40)
5where 4m3e λ
′
1Tii stands for the tree-level LV correction
that should be smaller than ∆a. This leads to the fol-
lowing upper bound for the trace:
|λ′1Tii| ≤ 3.5× 10
−11 (GeV)−1, (41)
being less restrictive by a factor ≃ 105 than the previous
ones derived by EDM.
On the Sun’s RF, this bound is equally written as∣∣∣λ′1T (Sun)ii ∣∣∣ ≤ 3.5× 10−11(GeV)−1, (42)
once the trace element is invariant under the rotation
(27).
The behavior of the term λ′1Ti0 of Hamiltonian (38),
under the discrete operations C,P and T (see Table II), is
compatible with the EDM properties. Accordingly, the
term λ′1Ti0 (σ ×E)
i
= λ′1Ti0ǫijkσ
jEk could be consid-
ered as EDM if we take
λ′1Ti0 (σ ×E)
i
= λ′1σ˜
kEk, (43)
with σ˜k = ǫijkT0iσ
j implying a kind of ”rotated” EDM.
Analogously to the magnetic case, it can only be limited
with EDM data if there is a non-conventional experimen-
tal device able to measure a non-null spin expectation
value, 〈Si〉 , in a direction orthogonal to the applied elec-
tric field (E). In this particular situation, the procedure
of Eq. (19) could engender the upper bound
|λ′1Ti0| ≤ 3.8× 10
−16(GeV)−1, (44)
which is also subject to sidereal variations, that is∣∣∣λ′1(−δi1 sinχ+ δi3 cosχ)T (Sun)30 ∣∣∣ ≤ 3.8×10−16 (GeV)−1.
(45)
C. Comments and correspondences
The classification of the LV coefficients of the axial
and non-axial couplings, including some other of the cou-
plings to be examined in the next section, under C,P and
T , is enclosed in Table II.
λ1T00 λ1T0i λ1Tij λ
′
1T00 λ
′
1T0i λ
′
1Tij λ4T0i λ4Tij
C + + + + + + + +
P − + − + − + − +
T − + − + − + − +
CPT + + + + + + + +
TABLE II: Classification under C,P, T for the coefficients of
the axial and non-axial CPT-even nonminimal couplings.
We should comment on a partial equivalence: in the
case the tensor Tµν is symmetric and traceless, the non-
minimal couplings (7) and (33) recover part of the non-
minimal coupling first analyzed in Refs. [40] and [39],
respectively. Indeed, we begin by taking a symmetric
and traceless tensor, κνβ (κ
ν
ν = 0 → κ00 = κjj), linked
to the (KF ) tensor by κνβ = (KF )
α
ναβ , and
(KF )µναβ =
1
2
(gµακνβ − gµβκνα + gνβκµα − gνακµβ) .
(46)
Replacing this latter expression in the couplings
ΨλA(KF )µναβσ
µνγ5FαβΨ and Ψλ(KF )µναβσ
µνFαβΨ,
yields ΨλκµβF
β
νσ
µνγ5Ψ and ΨλκµβF
β
νσ
µνΨ, respec-
tively, which have the same form of the operators appear-
ing in the Dirac equations (8) and (34). This equivalence
holds only if the tensor Tµν is symmetric and traceless,
however. We point out that the present development
is broader, since the tensor Tµν has not a definite sym-
metry (in principle). We also comment on the possible
correspondence between the previous upper bounds on
the couplings λA(KF ) and λ(KF ), achieved in Refs. [40]
and [39], and the present ones, as shown in Table III.
λ(KF ) Counterpart
MDM λ (κHB)33 ≤ 2.3× 10
−20 |λ′1Tii| ≤ 3.5× 10
−20
EDM λ (κHE)11 ≤ 3.8× 10
−25 no
λA(KF )
MDM
∣
∣λA (κDB)33
∣
∣ ≤ 2.3× 10−20 no
EDM |λA(κDE)ii| ≤ 1.1× 10
−24 |λ1 (trTµν)| ≤ 3.8 × 10
−25
TABLE III: Previous upper bounds for the axial and non-
axial CPT-even nonminimal couplings. All bounds expressed
in terms of (eV)−1.
In Table III, we notice that the first and fourth bound
find a correspondence with the present nonminimal cou-
plings. The first one involves the component T00, which
can be justified by the relation
(κDE)
jk = δjkκ00 − κ
jk, (47)
with (κDE)
jj
= 2κ00/3, for a specific value of j, and
tr(κDE) = 2κ00. Concerning the first bound of Table III,
the relation
(κHB)
jk = −δjkκll + κkj , (48)
leads to (κHB)
jj
= −2κ00/3 for a specific value of j,
and tr(κHB) = −2κii. In this sense, the first bound on
λ (κHB)33 in Table III can be related to the bound (41)
on λ′1Tii.
A possible correspondence to the terms involving
(κDB) , (κHE) in the models of Ref. [40] takes place by
the appearance of the pieces λ1T0i(σ×B)
i and λ′1Ti0(σ×
E)i in Hamiltonians (17) and (38), which does not re-
flect a direct correspondence for the second and the third
bounds of Table III, once they express constraints over
birefringent components of the tensor (KF ) which are not
embraced in the symmetric tensor κµν . Indeed, starting
from the relation (κDB)
ij
= − (κHE)
ij
= −ǫijqκ0q, one
6notes that (κDB)
ii
= (κHE)
ii
= 0 (for any i value), pre-
venting the association of these bounds with the sym-
metric Tµν components .
In spite of such equivalence, the tensor Tµν , as pro-
posed in the couplings of this letter, is not necessarily de-
fined as symmetric and traceless. The present approach
allows to constrain pieces of the background, as the trace
of Tµν , see Eq.(24), that would not be restrained start-
ing from the previous models [40], [39], where this piece
is null.
III. NEW POSSIBILITIES FOR GENERAL
NONMINIMAL COUPLINGS
Amatter of interest consists in inquiring about the pos-
sibility of other couplings, sharing the general CPT -even
structure of the ones already proposed, but physically
different. It is easy to notice that the couplings (7) and
(33) enclose the axial and non-axial options involving two
gamma matrices in the Dirac equation. A new possibil-
ity would be associated with the following nonminimal
derivative:
Dµ = ∂µ + ieAµ +
λ2
4
TαβFαβγµγ5, (49)
and with the LV Hamiltonian contribution HLV =
−λ2T
αβFαβγ
0γ5, which does not provide any kind of
spin interaction (neither magnetic, nor electric). There-
fore, this is not an interesting case for our purposes. The
same holds for the non-axial version. New possibilities
arise when the tensors Tµν and F
αβ have no mutually
contracted indices, leaving three free indices to be con-
tracted with gamma matrices, such as
Dµ = ∂µ + ieAµ + iλ3TανFµβγ
βγαγν , (50)
which implies the Lagrangian piece as
L = Ψ¯(λTανFµβγ
µγβγαγν)Ψ. (51)
The derivative (53) is one of the combinations comprised
in the general expression
Dµ = ∂µ + ieAµ + iλ3T{ανFµβ}γ
{βγαγν}, (52)
with the symbol {} denoting possible permutation of the
indexes µ, ν, α, β. Among them, we start from the non-
minimal covariant derivative
Dµ = ∂µ + ieAµ +
λ3
8
(TανFµβ + TµβFαν) γ
βσαν , (53)
with real λ3. This coupling is distinct from the all previ-
ous ones analyzed, yielding the following Hermitian piece
for the Dirac equation:
−
λ3
8
(TανFµβ + TµβFαν)σ
µβσαν . (54)
Here only the antisymmetric part of Tµν can contribute
with a new interaction, due to the antisymmetry of σµβ .
In fact, the symmetric part of Tµν is associated to the
Lagrangian piece, λ3T
ν
νFµβΨ¯σ
µβΨ, which provides the
usual MDM interaction. The modified Dirac equation
assumes the form
i∂tΨ =
[
α · pi + eA0 +mγ
0 +HLV3
]
Ψ, (55)
where the LV Hamiltonian is
HLV3 = −
λ3
8
[
TανF
0
µβ + TµβFαν
]
γ0σµβσαν , (56)
whose nonrelativistic form is
HNR =
1
2m
[
pi2 − eσ ·B
]
+ eA0
+ λ3T0iE
i + λ3TabǫabcB
c
+
1
2m
[
(σ · pi)H
(3)
12 −H
(3)
12 (σ · pi)
]
. (57)
where H
(3)
12 = iλ3(T0iB
i − TabǫabjE
j). This coupling is
not of interest for our purposes, since it does not generate
any spin interaction (at the dominant level).
Another possibility is
Dµ = ∂µ + ieAµ + i
λ4
8
(TανFµβ − TµβFαν) γ
βσαν , (58)
for a real λ4. This coupling is also distinct from the
previous ones, leading to the Dirac equation contribution:
λ4
8
T ννFµβσ
µβ + i
λ4
8
(TανFµβ − TµβFαν)σ
µβσαν . (59)
In this case, the symmetric part of Tµν is associated to
the Lagrangian piece, λ4T
ν
νFµβΨ¯σ
µβΨ, which provides
the usual MDM interaction. The modified Dirac equation
assumes the form
i∂tΨ =
[
α · pi + eA0 +mγ
0 +HLV4
]
Ψ, (60)
where the LV piece is
HLV4 = i
λ3
8
[TανFµβ − TµβFαν ] γ
0σµβσαν , (61)
and its nonrelativistic version,
HNR(4) =
1
2m
[
(p− eA)2 − eσ ·B
]
+ eA0
+ λ4T0iE
jǫijkσ
k + λ4TadB
aσd
+
1
2m
[
(σ · pi)H
(4)
12 −H
(4)
12 (σ · pi)
]
, (62)
with H
(4)
12 = iλ4(T0iǫikjB
kσj − TjbE
jσb). As shown in
Table II, the coefficient T0i is P-odd and T-odd, being
able to generate EDM, in principle. This kind of coupling
could be restrained by EDM data, using the approach of
Eqs. (43), (44), λ4
(
T0iǫijkσ
k
)
Ej = −λ4σ˜
jEj , which
yields
7|λ4T0i| ≤ 3.8× 10
−16(GeV)−1. (63)
A similar analysis holds for the term λ4Tadσ
dBa =
λ4σˆ
aBa, where σˆa = Tadσ
d, which is compatible with
a non-usual MDM generation. Using MDM data, the
implied upper bound is
|λ4Tad| ≤ 5.5× 10
−11 (GeV)−1. (64)
The time-averaged sidereal variations of the bounds (63)
and (64), according to the transformation law (26) are,
respectively∣∣∣λ4(−δi1 sinχ+ δi3 cosχ)T (Sun)03 ∣∣∣ ≤ 3.8× 10−16(GeV)−1,
(65)
∣∣λ4〈RapRdq〉T Sunad ∣∣ ≤ 5.5× 10−11 (GeV)−1. (66)
One could still suppose other possibilities of coupling,
similar but different from the form (51). Obviously, the
forms λTανFµβΨ¯γ
βγµγαγνΨ or λTανFµβΨ¯γ
µγβγνγαΨ
are already considered in the Dirac term (54), due to the
antisymmetry of Tαν , Fµβ . In principle, a distinct possi-
bility could be
L = λTανFµβΨ¯γ
µγαγβγνΨ. (67)
Yet, using γαγβ = −γβγα + 2gαβ, one shows that
L = −λΨ¯TανFµβγ
µγβγαγνΨ+ 2λΨ¯TανF
α
µ γ
µγνΨ,
(68)
achieving the couplings of Eq. (53) and Eq. (33),
with the observation that the tensor Tαν now is an-
tisymmetric. The same holds for the combination
λTανFµβΨ¯γ
µγαγνγβΨ. Hence, the Hermitian coupling
corresponding to Eq. (67), λTανFµβ(σ
µασβν − σβνσµα),
and others involving 4 gamma matrices, are already con-
tained in the previous cases.
IV. CONCLUSION AND FINAL REMARKS
We have analysed a new class of dimension-five, CPT -
even and Lorentz-violating nonminimal couplings be-
tween fermions and photons, composed of a general ten-
sor, Tµν , in the context of the Dirac equation, addressing
its axial and non-axial versions. The nonrelativistic ax-
ial Hamiltonian was carried out, revealing tree-level elec-
tron effective EDM and a non-conventional MDM con-
tribution, whereas the nonrelativistic non axial Hamil-
tonian implied effective electron MDM and a non-usual
EDM contribution. The CPT -even nonminimal coupling
proposed in Eq. (8) evades the Schiff’s theorem, once
it yields physical effects for the energy of the system,
∆U = −de · E, as explained in Ref. [16], allowing to
directly use the electron EDM data to set upper bounds
on the nonminimal LV parameters, which does not hap-
pen for CPT -odd nonminimal couplings discussed in Ref.
[11]. Recent experimental data about the electron EDM
and MDM were used to establish upper bounds as tight
as |λ1T00| , |λ1Tii| , |λ
′
1T0i| , |λ4T0i| ≤ 3.8×10
−16 (GeV)−1
and |λ1T0i| , |λ4Tad| ≤ 5.5 × 10
−16(GeV)−1, |λ′1Tii| ≤
3.5×10−11 (GeV)−1, respectively, where the non-diagonal
components bounds involve non-conventional experi-
ments, as explained. The sidereal analysis were also per-
formed. The bounds found on this axial and non-axial
couplings are at the same level of the ones obtained in
Ref. [40], standing among the best ones in the literature,
if compared to bounds over dimension-five and higher
derivatives-free nonminimal LV couplings.
We point out that we have examined all the main
dimension-five nonminimal couplings involving fermions
and photons, composed of a 2-rank background tensor,
the electromagnetic tensor, and gamma matrices. In ac-
cordance with our analysis, there exist still other forms
of couplings, such as
Dµ = ∂µ + ieAµ +
λ′4
2
(
TµνF
ν
β − TβνF
ν
µ
)
γαγ
βγα,
(69)
Dµ = ∂µ + ieAµ +
λ′5
2
(
TµνF
ν
β − TβνF
ν
µ
)
γαγ
λγβγαγλ,
(70)
which are, however, redundant to the ones here analyzed
in physical content, being subjected to the same upper
bounds [see Eqs. (20), (21), (41)].
The ”rotated”MDM and EDM non-conventional inter-
pretation could allow us to constrain non-diagonal com-
ponents of the LV tensor, as shown is Sects. II-A, II-B
and III. In order to accomplish this, it would be neces-
sary to control the direction of the electric or magnetic
field, as well as the particle’s spin state. As an example,
consider the fragment extracted from the Hamiltonian
(17)
HEDM-LV = λ1(T00σ ·E − TijE
jσi). (71)
If the electric field points, say, in the xˆ direction, the
Hamiltonian would becomes
HEDM-LV = λ1[T00σxE
1−(T11E
1σx+T21E
1σy+T31E
1σz)],
(72)
whose expected value 〈S|HEDM-LV|S〉 depends on the
particle’s spin state. Considering a spin polarized in the
|Sy±〉 state, the T11 and T31 terms average to zero, re-
maining only 〈Sy〉 6= 0, so that following bound can be
imposed
|λ1T21| ≤ 3.8× 10
−16(GeV)−1. (73)
A polarized beam in the zˆ direction would yield the
same bound for the T31 term. Hence, an experimental
procedure, capable of measuring spin expectation values
orthogonally to the fields, could allow to constrain off-
diagonal Tµν elements using EDM and MDM data. The
8obtained bounds are also subject to sidereal variations,
whose transformation laws have been discussed in Sect.
II-A.
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